We observe the joint spin-spatial (spinor) self-organization of a two-component BEC strongly coupled to an optical cavity. This unusual nonequilibrium Hepp-Lieb-Dicke phase transition is driven by an off-resonant two-photon Raman transition formed from a classical pump field and the emergent quantum dynamical cavity field. This mediates a spinor-spinor interaction that, above a critical strength, simultaneously organizes opposite spinor states of the BEC on opposite checkerboard configurations of an emergent 2D lattice. The resulting spinor density-wave polariton condensate is observed by directly detecting the atomic spin and momentum state and by holographically reconstructing the phase of the emitted cavity field. The latter provides a direct measure of the spin state, and a spin-spatial domain wall is observed. The photon-mediated spin interactions demonstrated here may be engineered to create dynamical gauge fields and quantum spin glasses.
The strong interaction between quantum matter and light provided by cavity quantum electrodynamics (QED) provides unique opportunities for exploring quantum many-body physics away from equilibrium [1] [2] [3] . Discovering and classifying the properties of nonequilibrium quantum phase transitions is an active field [4] [5] [6] , with potential application to the engineering of quantum devices, such as those with superconducting correlations [7, 8] . One particularly rich setting in which to explore such physics is provided by systems realizing the driven-dissipative (Hepp-Lieb) Dicke model of two atomic states strongly coupled to an optical cavity field [1, 3] . We present the observation of a nonequilibrium Dicke superradiant phase transition involving the spontaneous ordering of coupled atomic spin and spatial motion, as has been analyzed in Ref. [9] . The cavity photons mediate an effective position-dependent spin-spin interaction; the resulting transverse Ising model that is realized opens future directions toward the study of artificial quantum spin glasses and neural networks in a driven-dissipative setting [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Moreover, with minor modification, this system could manifest dynamical gauge fields [20] [21] [22] [23] [24] [25] , resulting in topological superfluids and exotic quantum Hall states.
As originally proposed [26] , the nonequilibrium Dicke model describes an Ising (Z 2 ) symmetry-breaking transition of a spin-1/2 system coupled to a single cavity mode. The phase transition of the nonequilibrium Dicke model is closer to a classical than a quantum transition, though distinct from both [3, [27] [28] [29] [30] . Experimentally, the nonequilibrium Dicke model could be realized by freezing the spins in a 2D lattice of period λ/2, where λ is the wavelength of both the pump and cavity fields [31] . The spins are disordered below the transition threshold and the cavity field is in a near-vacuum state. Above a pump threshold, the spins order in a λ-periodic checkerboard pattern (either up/down on the black/white sites or vice-versa) allowing the atoms to superradiantly scatter photons into the cavity mode. The emergent coherent field further orders the spins in a self-reinforcing manner. Cavity dissipation stabilizes the driven, emergent spin order, and the phase of the cavity emission locks to either 0 or π relative to the pump phase depending on the symmetry-broken state. Superradiant cavity emission of a spin-1 Dicke transition was observed with thermal atoms coupled to a cavity [32, 33] .
Both pseudospin organization and superradiant emission have been observed in an alternative form of the nonequilibrium Dicke transition [34] [35] [36] . In this version, a Bose-Einstein condensate (BEC) matter wave is coupled to a cavity, where two different motional states play the role of up and down spin components. The atoms occupy either the black or white checkerboard sites (spaced λ-apart) of the emergent 2D lattice. The pseudospin organization was detected by observing Bragg peaks at a momentum consistent with a checkerboard lattice together with detection of the relative phase locking of the pump and superradiant cavity emission [35] . The organized state may be called a 'density-wave polariton condensate' in recognition of the joint light-matter-wave nature of the quasiparticles in the macroscopically occupied and coherent density-photon mode [37] . Roton instabilities and the extended Bose-Hubbard model have been realized [38] [39] [40] , and similar systems employing a few degenerate cavity modes have created a supersolid [41] , an intertwined spatial order [42] , and supermode-densitywave polariton condensates [37] . Highly degenerate cavities have been used to engineer tunable-range photon mediated atom-atom interactions [43] that may lead to liquid crystalline states [44] . A superradiant motional transition also occurs in cavities with spinless thermal atoms [45] [46] [47] . Self-organization of cold thermal gases and laser arrays due to optical feedback from a single mirror have also been observed [48] [49] [50] [51] [52] . The two Raman pump beams (red and blue), polarized along the cavity axis, are combined and retroreflected off the same mirror to create a phase-stable lattice (purple). The cavity mode (green), imaged onto a EMCCD camera, interferes with a local oscillator at an angle (also green). This provides the spatial heterodyne signal (blue lines) for the holographic reconstruction of the cavity field amplitude and phase. Momentum of the BEC (scarlet) is absorption-imaged in time What type of nonequilibrium phase transition arises when the pump and cavity fields couple atomic motion and spin? Reference [9] describes such a system as a nonequilibrium spin-spatial Dicke superradiant phase transition in which atomic spins can flip while scattering photons into the cavity, picking up recoil momentum in the process [53] . This creates a spin-decorated checkerboard lattice, whose state is a 'spinor densitywave-polariton condensate.' The spinor density wave is described by the superposition of spinor operatorsψ ↑,↓ (r) described below, and arises due to a spinor-spinor interaction proportional toψ † ↑ (r )ψ † ↓ (r)ψ ↓ (r )ψ ↑ (r). We note that this scenario is distinct from an emergent texture of a two-component BEC recently observed in a miscibleimmiscible transition created by a state-dependent optical lattice arising from a nonequilibrium Dicke transition [54] . In this experiment, the cavity mediated a density-density interaction ρ +1 (r)ρ −1 (r ) between two Zeeman states m = ±1 of a BEC and the two-component texture emerged above a critical ratio of the relative scalar and vector polarizabilities of the light fields.
We now describe the experimental system before reporting our observations of the superradiant spinor phase transition. Figure 1(a) shows the experimental configuration; see previous work for technical details of the cavity and the intracavity BEC production apparatus [43, 55] . We trap within the cavity a BEC of 4.1(3) × 10 5 87 Rb atoms in the |F, m F = |1, −1 state. The BEC is confined in a crossed optical dipole trap (ODT) formed by a pair of 1064-nm laser beams propagating alongx andẑ, resp. Using ODT shaping techniques [56] , we create a trap with frequencies (ω x , ω y , ω z ) = 2π × [58(1), 63(1), 47(1)] Hz that contains a BEC with Thomas-Fermi radii (R x , R y , R z ) = [10.3(1), 9.4(1), 12.8(2)] µm. These are all smaller than the w 0 = 35 µm waist of the TEM 0,0 cavity mode [57] .
To engineer the spinor Dicke Hamiltonian, we couple two internal states of 87 Rb, |F, m F = |1, −1 ≡ |↓ and |F, m F = |2, −2 ≡ |↑ , through two cavity-assisted twophoton Raman processes; see Fig. 1(b) . A bias magnetic field of ∼2.83 G is applied along +ẑ, the direction of the quantization axis, resulting in an energy difference ω HF ≈ 6.829 GHz between |↑ and |↓ due to hyperfine splitting and Zeeman shifts. The Raman processes are created by the cavity and transversely oriented pump fields. The cavity field is that of the TEM 0,0 mode at frequency ω c with coupling strength g = g 0 Ξ(x, z), where g 0 is the maximum single-atom coupling rate and Ξ(x, z) is the transverse mode profile. The pump beams have frequency ω ± such that ω + = ω − +2(ω HF +δ), where δ is the two-photon Raman detuning. Each pump field is far detuned from the atomic excited state by ∆ ± with coupling strengths Ω ± . Their mean frequencyω = (ω + + ω − )/2 is detuned by ∆ c =ω − ω c from the cavity. The pump beams are retroreflected off the same mirror to create a phase-stable lattice. See Ref. [58] for a schematic of rela-tive field frequencies, their generation and cavity spectra.
This coupling realizes the interaction Hamiltonian between the two components of the spinor stateψ(r) = [ψ ↑ (r),ψ ↓ (r)] given by
where the coupling strength η is equal for both Raman transitions,â is the annihilation operator for the intracavity field, andσ
. See Refs. [9, 58] for derivations and discussions of this model. Given the initial state |↓ , and within the single recoil scattering limit [59] , the spinor components take the formψ ↓ (r) =ĉ ↓ ψ 0 (r) andψ ↑ (r) =ĉ ↑ ψ 1 (r), with the total atom number N =ĉ † ↑ĉ ↑ +ĉ † ↓ĉ ↓ . The zero-and one-recoil wavefunctions equal ψ 0 = 1 and ψ 1 (r) = 2 cos k r x cos k r y, with the recoil momentum k r = 2π /λ. The form of ψ 1 (r) is due to the 2D optical lattice emerging from the crossed pump and cavity standing-wave fields.
Performing the spatial integral and defining 
. (2) TheĴ operate on the coupled pseudospin-1/2 spin-spatial degree of freedom. The recoil frequency is ω r = k 2 r /2m, ∆ c is ∆ c minus the dispersive light shift,δ = δ − ω s , where ω s is the ac Stark shift, and η D = √ N η/2. The first two terms account for the bare cavity energy and the energy shift between the spinor pseudospin states, resp.
The organized system exhibits a nonzero order parameter Θ ≡ dr cos k r x cos k r yσ x (r)/N above a critical coupling strength η D > η th , where η th = [∆ c (2ω r −δ)] 1/2 /2 and Θ = ±1 in the Z 2 -symmetry-broken state. As shown in Fig. 1(c) , the organized state is one of the |±, b +|∓, w states of a spin-decorated λ-periodic checkerboard, where |± = |↓ ± |↑ are theσ x eigenstates and |b/w are the black/white checkerboard sites. The Z 2 brokensymmetry is reflected in the choice between |+ or |− residing on black sites.
Though staggered, the spinor pseudospin state is ferromagnetic. This can be seen by integrating out the cavity field and rewriting Eq. 1 as an Ising Hamiltonian [61] :
The cosine terms can be incorporated into theσ x through a local gauge rotation. This results in a ferromagnetic, infinite-range J ij coupling of the locally rotated spin operatorsσ i x ; see Ref. [58] . Raman scattering creates a superposition of the atoms' initial zero-momentum-|↓ state and the ±|↑ state coupled to a momentum-recoil state comprised of the four superimposed k = {(±k r , ±k r ); (±k r , ∓k r )} states [62] .
We now present the observation of this organized spinor state in momentum space.
As in previous work [32, 35, 37] , superradiant cavity emission heralds the nonequilibrium Dicke phase transition; see Fig. 2(a) . We first demonstrate superradiance of the model by linearly increasing the power in the Raman beams through the superradiant threshold with ∆ c = −4 MHz and δ = −10 kHz; see Ref. [58] for Raman-coupling-strength calibration [63] .
We then use spin-selective absorption imaging to detect the momentum distribution for each spin species independently during time-of-flight expansion of the gas. This method records the momentum of both spin components in a single realization of the experiment, allowing for observation of the spinor state associated with the spin-spatial self-ordering [58] . The spin dependent timeof-flight images are overlain in Figs. 2(b) and (c) [64] . Below threshold, Fig. 2(b) shows only |↓ , zero-momentum atoms (and Bragg peaks from the pump lattice), while above threshold, Fig. 2(c) shows that spin-decorated Bragg peaks appear in a fashion expected from Fig. 1(d) . The absence of |↑ atoms at k = 0 and |↓ atoms at the 1st-order momentum peaks indicates that spinor order has emerged in the form of a λ-periodic checkerboard pattern in the |± basis.
Above threshold, the frequency of the superradiant cavity emission should be locked atω [26] . Moreover, the phase of the emission should lock to either 0 or π (depending on the Z 2 broken-symmetry) with respect to a local oscillator (LO) field at ω LO =ω + δ LO . This field is coherently generated from one of the pump fields. To establish that both effects occur, we measure the phase of the cavity field emission in a spatially resolved fashion using holographic reconstruction. Details of the frequency stabilization and spatial heterodyne methods are in Ref. [58] . Briefly, the LO is shone at an angle onto the same EMCCD camera detecting the cavity emission, as depicted in Fig. 1(a) . If the LO has the appropriate frequency (i.e., δ LO = 0), the phase locking between the superradiant emission and the pump beam results in spatial interference fringes on the camera, realizing a spatial heterodyne measurement. Spatial Fourier demodulation analysis of the fringes reveals both the spatial dependence of the cavity field phase and amplitude [58] [65].
The fringe amplitude factor χ, defined in Ref. [58] , is plotted in Fig. 3 . A distinct peak appears at δ LO = 0, as expected, while a significant averaging-out of fringe contrast is manifest for detunings larger than 1/T , where T = 2 ms is the EMCCD integration time, due to a nonzero fringe phase velocity. This demonstrates a unique feature of the spinor Dicke model: cavity emission is detuned exactly halfway between the transverse pump beams, not at either or both of their frequencies. The high contrast fringes at δ LO = 0 shows that the phase is both stable and spatially constant over the superradiant We now present a measurement of the relative phase locking of the cavity and pump fields. This is determined both by observing a π phase change of the superradiant emission across an induced spinor domain wall and by observing a nodal structural factor in the 1st-order atomic Bragg peaks caused by this domain wall. To create adjacent spinor domains with opposite order parameter Θ, the above experiment is repeated, but with the cavity frequency tuned near the 1st-order transverse mode TEM 1,0 ;ω is set to ∆ c = −1 MHz, see Ref. [58] . The field profile Ξ(x, z) 1,0 of this mode changes sign across the x = 0 nodal line in the x − z plane. The node appears in the superradiant cavity emission amplitude and phase are shown in Fig. 4(a) . The spinor order compensates for this sign change in the cavity field by flipping the Z 2 -symmetry-broken state from Θ = ±1 to ∓1 across the nodal line. That is, the spin-spatial checkerboard pattern shifts by λ/2. The system does so to allow all the atoms to superradiantly emit into the cavity in phase, thereby minimizing the organization threshold. This effect has been discussed for purely spatial organization [37] .
Holographic reconstruction of the emitted cavity field reveals the existence of this π phase shift on either side of the nodal line; see Fig. 4(a) . The line defect also appears in the momentum distribution of the atoms shown in Fig. 4(b) . A node in the 1st-order Bragg peaks appears due to the structure factor in the spinor organization [37] . Together with the phase flip of π, the nodal structure factor implies a spinor domain wall along (0, z). In degenerate-mode cavities, such as the adjustable-length near-confocal cavity system of Refs. [37, 55] , interference among modes could lead to topological spin-defect textures and local spin-spin interactions [10, 43] .
We have observed a spinor nonequilibrium Dicke superradiant phase transition among spinful atoms in a BEC coupled to a cavity. Moreover, the intracavity photons mediate a spin-spin Ising interaction. This leads to a phase transition into a ferromagnetic state at a critical transverse field value associated with the twophoton pump intensity. By observing both the photonic and atomic manifestations of the polaritonic system, we demonstrated joint spin-spatial self-organization. Using a higher-order transverse mode of the cavity and holographic reconstruction, we demonstrated the ability to create and image signatures of a domain wall. Strong Ising-type interactions, as realized here, may enable the study of quantum spin glass physics [10, 11, 13] , which in turn may lead to quantum dissipative neuromorphic computing devices [12, [14] [15] [16] [17] [18] [19] . Lastly, a simple reconfiguration of the pump fields will enable the generation of dynamical spin-orbit coupling and gauge fields [20] [21] [22] [23] [24] [25] . The length of our cavity can be adjusted in situ using a slip-stick piezo [55] . The length in this work is set such that the TEM l,m modes within l + m = const. families [57] are resolvable but far separated in frequency from other mode families. Figure 5 shows the cavity spectra for the two experiments discussed in this paper. For experiments using the TEM 0,0 mode, the cavity detuning is ∆ c = −4.00 MHz, while∆ c = −2.39 MHz due to the dispersive shift (see the section on derivation of cavitymediated spin-spin interaction below). Similarly, for the TEM 1,0 mode, ∆ c = −0.96 MHz and∆ c = −0.79 MHz. That is, the detuning is blue of the TEM 0,1 mode, though red of the TEM 1,0 mode. We observe dominant coupling to the TEM 1,0 mode and no instability from proximity to the blue of the TEM 1,0 mode. The splitting of approximately 50 MHz between adjacent families of modes is at least an order of magnitude larger than these detunings.
Frequency content
The frequency content of the laser beams is schematically summarized in Fig. 6 . Both 780-nm Raman beams are derived from frequency-doubled 1560-nm light. The relative frequency between the two 1560-nm seed lasers are stabilized with respect to a stable frequency source calibrated via microwave spectroscopy to oscillate at the frequency difference ω HF between |1, −1 and |2, −2 . ω HF includes the Zeeman shift associated with the applied magnetic field. This frequency difference is controlled using a proportional-integral loop filter with feedback applied on seed 2. Additional 1560-nm light from seed 1 is used to stabilize the science cavity using the Pound-Drever-Hall (PDH) technique. The cavity resonance frequency ω c is detuned from the 5 2 S 1/2 |2, −2 to 5 2 P 3/2 transition by 154 GHz. The resulting Raman pump beams have atomic detunings of 160 and 147 GHz, resp. Using a fiber electro-optic modulator (EOM), sidebands at ω HF are added onto the ω − Raman beam in a separate path to derive the cavity probe (for use in taking the data in Fig. 5 ) and local oscillator beam. The drive signal to the EOM is split off from the same source that locks the seed lasers. We further isolate the correct The two 780-nm Raman beams are derived using second harmonic generation (SHG) from two 1560-nm fiber lasers, whose relative frequency is stabilized at ωHF with a beat-note lock referencing seed 2 to seed 1. After SHG, the frequencies of the two doubled light beams are separated by 2ωHF. AOMs placed in the path of the beams allow for additional frequency adjustments and intensity control. The science cavity is stabilized at ωc using 1560-nm light from seed 1 through the PoundDrever-Hall (PDH) technique. The same rf source used to lock the fiber lasers is used to drive an electro-optic modulator (EOM) for the purpose of generating the local oscillator beam at ωLO. The correct sideband is isolated by a filter cavity.
sideband from the EOM output using a filter cavity; the resulting beam is at the mean frequencyω of the two Raman beams and phase stable with respect to the cavity. Additional acousto-optic modulators (AOMs) provide intensity stabilization and additional frequency-shifting capabilities to symmetrically adjust the Raman detuning δ. All rf signals used in the experiment are stabilized with respect to the same 10-MHz Rb clock.
Holographic reconstruction
Above threshold, the superradiant cavity emission at frequencyω observed on our EMCCD camera can have both amplitude and phase fluctuations in space. In the most general case, this field may be expressed as E c (r) = |E c (r)|e iφc(r) . The amplitude and phase of this field is measured using a holographic technique; see Ref. [71] for another recent demonstration of this technique. A large local oscillator (LO) beam at frequencyω + δ LO is incident on the EMCCD camera with a wavevector ∆k relative to the cavity emission. This LO beam is derived from the output of the filter cavity in Fig. 6 and the AOM provides a controllable frequency shift δ LO . The interference between the cavity emission E c (r) and the LO field E LO (r) produces an image with an intensity I h (r) on the EMCCD camera; see Fig. 7(a) . This may be expressed as
where ∆φ(r) = φ c (r) − φ LO (r) is the phase difference between the cavity and LO wavefronts. Both |E c (r)| and φ c (r) are inferred from the amplitude and phase of the fringes produced by the oscillatory term of Eq. 4. Reduction of fringe contrast is characterized by the factor χ(δ LO ). Several factors contribute to this reduction. For example, mismatch in the spatial and polarizationmode overlap of the cavity and LO reduces contrast. The contrast can also appear smaller due to a frequency difference between the LO and cavity emission: the fringe signals spatially average during the EMCCD camera's 2-ms integration time because the fringes have a non-zero phase velocity. This spatial averaging effect allows us to determine the cavity emission via measuring fringe contrast versus δ LO , as shown in Fig. 3 . Noise in the relative frequency between the cavity emission and LO also leads to spatial averaging. In order to accurately extract |E c (r)| and φ c (r), the image must first be corrected to account for intensity and phase variations of the LO beam. An independent measurement of the local oscillator intensity I LO (r) = |E LO (r)| 2 allows us to create a corrected field image E corr (r) whose fringe amplitude solely depends on |E c (r)|:
See Fig. 7 (b) for plot of E corr (r). Assuming the cavity field varies slowly over the fringe wavelength 2π/|∆k|, we may extract |E c (r)|, shown in Fig. 7(c) , and ∆φ(r), shown in Fig. 7(d) , by demodulating E corr at the fringe wavevector ∆k. Finally, the phase of the cavity field may be extracted from ∆φ(r) by correcting for phase variations φ LO (r) of the local oscillator wavefront. The TEM 0,0 mode of the cavity is used to calibrate these variations since it has a uniform phase over its transverse profile. Measuring φ LO (r) in this manner allows us to calculate the phase of the cavity wavefront as φ c = ∆φ + φ LO and consequently The corrected image Ecorr(r) generated from (a) using the procedure described in Eq. 5. (c) The intensity |Ec(r)| visualize the complex electric field of higher-order modes as shown in Fig. 4(b) .
Spin-selective imaging
At the end of the experimental sequence, atoms can be in either |↓ , |↑ , or a superposition of the two. To selectively detect these states, we perform absorption imaging on the cycling transition between 5 2 S 1/2 |2, −2 and 5 2 P 3/2 |3, −3 . Only the atoms in |↑ are imaged due to the absence of repumping light. We verified that there is negligible depumping with circularly polarized light that drives purely σ − transitions. Following this initial imaging pulse, an intense pulse of light resonant with the transition is applied, which results in the expulsion of the |↑ population from view. Next, the atoms in |↓ are transferred to 5 2 S 1/2 |2, −2 using microwave adiabatic rapid passage and imaged using the same cycling transition. These atoms are subsequently also removed from the field of view, after which 'bright' and 'dark' images are taken for completing the absorption imaging process. The extracted optical densities from the first and second imaging pulse are then overlaid to produce spin-full absorption images such as those presented in Figs. 2(b) , (c) and 4(b).
Derivation of cavity mediated spin-spin interaction
The Hamiltonian of a single cavity mode a with spatial profile Ξ(r) interacting with atoms can be written as in Ref. [33] :
where ω c is the optical frequency of the cavity mode, H atom is the energy of the atomic internal states, and H trap and H kinetic capture the potential and kinetic energy of atoms in different internal states. H int describes the coupling introduced by the pump beams (with optical frequency ω + and ω − ) and cavity:
wherê
is the atomic raising operators connecting different hyperfine levels of the groundψ F,m and excitedψ F ,m+q states.
The Clebsch-Gordon coefficients c(F, m → F , m + q) are the relative strengths of the transitions. We apply a bias magnetic field alongẑ. Both pump beams are linearly polarized along the cavity axis. The additional factor of 1/ √ 2 for the Rabi frequency of the two pump beams Ω + and Ω − comes from the fact that the beams couple to both σ + and σ − transitions, though only one is close to resonant for each beam due to Zeeman shifts.
The spatial profile of mode Ξ results in a spatially dependent single-photon Rabi frequency g 0 Ξ(r)/Ξ 0,0 (0), where Ξ 0,0 is the profile of a TEM 0,0 mode. Given the large detunings of the pumps from the atomic excited states compared to the excited-state hyperfine splittings, all the excited states are assumed to be at the same energy ω a . In the ground states, the Zeeman shift pushes |F = 2, m F = 0 out of resonance, so we only consider the spin components |F, m F = |1, −1 ≡ |↓ and |F, m F = |2, −2 ≡ |↑ of the atom's hyperfine states as the coupled two-level system. All energy levels are defined with respect to the energy of |↓ , and the bare energy splitting ω HF (hyperfine splitting plus additional Zeeman shift) between |↑ and |↓ is set by the bias magnetic field alongẑ of ∼ 2.82 G. We use microwave spectroscopy to calibrate the field and estimate a field fluctuation-induced frequency noise of 2.4 kHz on ω HF .
To obtain the effective Hamiltonian, we transform Eq. 6 into a rotating frame defined by the unitary transformationÛ = exp(−iĤ t t), wherê
Here, the coupled spin-spatial atomic states are represented by the spinorψ(r) = [ψ ↑ (r),ψ ↓ (r)] . Before writing the resulting Hamiltonian, we define the detunings ∆ + and ∆ − from the atomic excited state for each of the Raman transitions, the detuning ∆ c of the mean pump frequency from the cavity frequency ω c , and the twophoton detuning of the cavity-assisted Raman transition resonance δ as:
We set δ ≈ −10 kHz, while the detuning for other allowed Raman processes, e.g., the coupling between |↓ and |F = 2, m F = 0 , is on the order of a few MHz due to Zeeman splitting. After adiabatically eliminating the atomic excited states and ignoring the s-wave interaction and external harmonic trapping potential, the resulting H = − ∆ câ †â + 2ω r + 3 4 Ω 2 + 6(∆ + + ω HF ) + Ω
